We report the discovery of RV Tauri stars in the Large Magellanic Cloud (LMC). In light-and colorcurve behavior, the RV Tauri stars appear to be a direct extension of the type II Cepheids to longer periods. A single period-luminosity-color relationship is seen to describe both the type II Cepheids and the RV Tauri stars in the LMC. We derive the relation 
INTRODUCTION
Pulsating variables that occupy the Population II instability strip (e.g., RV Tauri, W Virginis, BL Herculis, and RR Lyrae stars) represent an important testing ground for our theories of stellar evolution and pulsation. As low-mass stars of the intermediate disk and halo population, they are useful probes of our GalaxyÏs halo and bulge, as well as the outer regions of nearby galaxies.
The period boundaries for type II Cepheids are determined by the transition from the RR Lyr stars at the shortperiod end to the RV Tauri and long-period variables at the long-period limit (for a comprehensive review of the Population II Cepheids, see & Cox Those stars Wallerstein 1984) . with periods between about 1 and 8 days are usually designated BL Her variables, while the longer period variables are known as W Vir stars. This nomenclature is useful because the evolutionary state of the two groups is thought to be di †erent. The BL Her variables are stars evolving through the instability strip (IS) from the horizontal branch toward the asymptotic giant branch (AGB) following the exhaustion of helium in their cores. The W Vir variables are believed to be hydrogen-and helium-shell burning stars that are making blue-loop excursions into the IS from the AGB.
has proposed a photometric classiDiethelm (1983) Ðcation scheme based on light-curve shapes for shortperiod type II variables (1È3 days) and suggested that both BL Her and W Vir variables are represented in this period range. Unfortunately this author uses the terms "" BL Her ÏÏ and "" W Vir ÏÏ in a slightly di †erent sense than is generally used. In later studies Diethelm proposed calling (1986, 1990) these objects AHB (after horizontal branch) variables and showed that both groups of variables have metallicities consistent with the thick disk population.
The RV Tauri stars are semiregular pulsating variables that are located in the brightest part of the Population II instability strip. As such, there is some overlap in photometric properties with the W Vir type II Cepheids. A deÐn-ing characteristic of the RV Tauri variables is a light curve that displays alternating deep and shallow minima. The period between adjacent deep minima is generally in the range 40È150 days, and these stars have spectral types FÈK with luminosity class IaÈII. Unlike the W Vir stars, most Ðeld members of the RV Tauri class exhibit strong infrared excesses indicative of extensive amounts of circumstellar material. From an evolutionary perspective they are thought to be low-mass objects at the termination of their AGB evolution.
Of fundamental importance to our understanding of the RV Tauri variables, and their relationship to the type II Cepheids, is a knowledge of their physical properties. In particular, our understanding of their mass and evolutionary state depends critically on their luminosities. However, these luminosities are poorly known. There are currently no published identiÐcations of RV Tauri stars in the Magellanic Clouds. Furthermore, there is concern that the handful of stars that are globular cluster members (and for which we have some knowledge of their luminosities) are not of the same spectroscopic type or metallicity as the Ðeld RV Tauri stars.
No deÐnitive period-luminosity relation for the RV Tauri stars exists. The most commonly used relation (DuPuy is based on observations of a very small number of 1973) low-metallicity globular cluster members, and little agreement is seen between this relation and luminosities derived from recent spectroscopic observations of Ðeld RV Tauri stars Period-luminosity relations exist for (Wahlgren 1992 In consequence, the primary goals of this study were as follows :
1. to discover whether variables of the RV Tauri type do exist in the LMC ; 2. to investigate the relationship between the type II Cepheids and the RV Tauri stars, and in particular, to determine whether there is a common period-luminosity relationship. The MACHO project photometry of Large Magellanic Cloud (LMC) variables provides us with an ideal database to address the above two issues since we are able to observe both classes of variables in a common environment. The advantages of this are that all stars are at a known common distance, di †erential reddening is low, and large numbers of observations on a common photometric system are available over many cycles. When only smaller or more fragmentary light-curve data sets are available, the RV Tauri stars can easily be confused with semiregular or eclipsing variables.
PREVIOUS OBSERVATIONS OF TYPE II CEPHEIDS IN THE LMC
The primary sources of optical observations of type II Cepheids in the LMC are those of and Gaposchkin (1970) These researchers produced Payne-Gaposchkin (1971) . photographic light curves, variable type classiÐcations, and determined periods for LMC variables from the analysis of Harvard photographic plates. A total of 17 type II Cepheids in the LMC were listed in Payne-Gaposchkin (1971) . Although some of these type II Cepheids have periods as long as RV Tauri stars, none were classiÐed as such from their light curves.
states that there are 20 Harris (1985) known type II Cepheids in the LMC, but one (HV 13064) has since been shown to be a highly reddened type I Cepheid from infrared observations (Laney 1991). Alcock (1996a) . For the present study, use was made of the Ðrst 4 years of LMC data, consisting of some 20000 frames distributed over 22 Ðelds concentrated along the bar of the LMC. This sample contains a total of approximately 8 million stars, of which over 40,000 have been found to be variable starsÈ most newly discovered. Typically, the data set for a given star covers a time span of about 1500 days and usually contains 300È1100 good photometric measurements.
ANALYSIS
A number of selection criteria were applied to the database of MACHO project variable star photometry in order to produce a list of possible type II Cepheid and RV Tauri star candidates. These basic criteria were 1. 8 days \ P \ 100 days ; 2. 18.5 [ 3 log P \ R \ 18.0 ; 3. 0.3 \ V [R \ 0.6. Although type II Cepheids with periods shorter than 8 days are present in the MACHO project database, these data were not available for this project. The brighter limit on the R magnitude was chosen so as to exclude the type I Cepheids. The selection in terms of V [R color is representative of colors of Galactic type II Cepheids and RV Tauri stars. It is quite possible that some relevant variables may have been omitted by the choice of criteria above and it is hoped that this study will be extended in the future by relaxing some of these criteria. In particular it would be useful to extend the long-period limit and also to choose a . The photometric data have been phased using the fundamental period for the type II Cepheids and the formal period for stars with periods greater than 20 days. The epoch was chosen such that the "" primary ÏÏ (or faintest) light minimum of the star occurs at phase 0.0. Only data free from suspected error are plotted. Typical photometric uncertainties are in the range 1.5%È2%. The light curves were qualitatively classiÐed as sinusoidal, crested, Ñat-topped (following the scheme proposed by Kwee 1967), and RV Tauri-like, and these designations are included in Table 1 .
Fourier Fits and Decomposition Parameters
proposed that a Hertzsprung progression Stobie (1973) similar to that which occurred for the type I Cepheids also 
then combinations of the low-order coefficients for (R k1 , / k1 k \ 1, 2) quantitatively describe the progression of lightcurve shape with period, where
where k [ 1. The deÐnition of in results in / k1 equation (2) these Fourier coefficients being independent of both time translations and the basic frequency. In the present analysis we have followed the method of et al. who Beaulieu (1995), Ðt a model of the form
so that the equivalent Fourier coefficients can be determined from
The phased order Fourier Ðt was typically found to be a good representation of the data.
shows the Ðfth order Fourier Figure 4 Ðt to the MACHO photometric data for MACHO*05 : 37 : 45.0[69 : 54 : 16 which has a double or "" formal ÏÏ period of 60.816 days. This star displays consistent deepÈshallow alternations of its light-curve minima and some variability in the depths of the minima is apparent.
From these Fourier Ðts we derived the Fourier decomposition parameters and These are plotted ' 21
, R 21 , ' 31 , R 31 . versus log P in with di †erent symbols used for the Figure 5 di †erent light-curve types in order to reveal possible trends. For stars with periods longer than 20 days, the Fourier Ðt using the fundamental period is an increasingly poor Ðt as the light curve becomes more RV TauriÈlike. The Fourier decomposition parameters therefore become more uncertain as the light curves become dominated by the double periodicity.
shows that there is a progression in Figure 5 that increases for increasing log P for all periods. Fourier decomposition parameters to distinguish between fundamental and the overtone pulsators : the best discriminant is the large di †erence in amplitude. If this conclusion also extends to the longer period stars, then the stars indicated in by crosses (that is, those with low- Figure 5 amplitude sinusoidal light curves) appear to be the best candidates for Ðrst-overtone pulsators in our current sample. (1991) . values ranged between 0.07 and 0.15 for the stars in our sample. It was found that adopting these individual foreground reddenings had no signiÐcant e †ect on the derived period-luminosity relationship within the stated uncertainties.
In both the calculations outlined above, no contribution to the reddening from circumstellar material was included. Although it is unlikely that there is much, if any, circumstellar reddening for the type II Cepheids, it is possible that some circumstellar reddening exists for the RV Tauri stars. One star in our sample (MACHO*05 : 14 : 18.1[69 : 12 : 35) is known to possess an infrared excess at K (Laney 1991). However, as we have no independent means of determining the individual circumstellar reddenings for the other stars in the sample, we have ignored this possible contribution.
A distance modulus of 18.5 to the LMC was used to derive the absolute luminosities of the type II Cepheids and RV Tauri stars. Any adjustment to the LMC distance modulus will therefore result in an o †set for the derived absolute luminosities but will not a †ect the internal consistency of any derived period-luminosity relation. For example, if we use the LMC distance modulus of 18.70^0.10 which has been derived recently using Cepheid parallaxes from Hipparcos & Catchpole then (Feast 1997) , an o †set of 0.2 would need to be applied to the zero point of the LMC P-L relation using absolute magnitudes.
presents the mean intrinsic magnitude (V ), the , R 21 , ' 31 , R 31 appearance : sinusoidal (crosses), crested (triangles), and Ñat-topped (squares). RV Tauri stars are plotted using circles and stars of uncertain classiÐcation (see text) are plotted using asterisks. Figure 6 . same intrinsic color the type II Cepheids have lower luminosities than do the RV Tauri stars. This conclusion will only be strengthened if the RV Tauri stars possess some degree of circumstellar extinction. It is interesting to note that the two type II Cepheids that fall close to the RV Tauri star "" locus ÏÏ are stars with periods around 20 days that are beginning to show some RV Tauri characteristics.
DISCUSSION
In general it was found that type II Cepheids with periods greater than D20 days display increasing variability in the depth, shape, and phasing of their light-curve minima. The periodograms of these stars also exhibit increasing strength in the subharmonic frequency (or the double period). When plotted on this double or formal period, as in Figures and 2 the di †erent behavior of the two minima (and maxima) 3, becomes apparent. Classic RV Tauri behavior et al. (Pollard is displayed by many of the stars with "" single ÏÏ or 1996) fundamental periods greater than about 20 days, that is alternating deep ("" primary ÏÏ) and shallow ("" secondary ÏÏ) minima ; secondary minima (and maxima) more variable than primary minima (and maxima) ; bluest colors during the rising branch of the light curve, particularly during the rise from the secondary minima.
plots the luminosity, amplitude, and color on the Figure 7 MACHO photometric system versus period. Di †erent symbols are used for the di †erent light-curve types in order to reveal any trends. This Ðgure shows a gradual transition in behavior from the short-period type II Cepheids to the longer period RV Tauri stars. The magnitude versus log V M P plot displays a gradually increasing slope for ( Figure 7a ) the longer period stars. The amplitude of variation increases for increasing period up to a maximum amplitude (Fig. 7b ) at around 20 days and then decreases for longer period stars. Results from recent theoretical studies Ðnd increasing complexity and lower amplitudes for the more luminous, low-mass stars of intermediate because of strong non-T eff adiabatic and nonlinear e †ects. The observed preference toward lower amplitudes for higher luminosities noted in FIG. 7 .È(a) Period-luminosity, (b) period-amplitude, and (c) periodcolor diagrams for the type II Cepheids and RV Tauri stars in the LMC. The luminosity is the mean magnitude, the amplitude is the peak-to-V M peak amplitude determined from the Fourier Ðt to the light curve, and V M the color is the mean color. Symbols are the same as
is consistent with what is observed for post-AGB Figure 7 transition objects (Sasselov 1993).
As found by previous researchers et (Harris 1985 ; Nemec al. the V [R colors are seen to get redder for longer 1994), period type II Cepheids. An interesting trend seen in Figure  is that the V [R colors get bluer again for the RV Tauri 7c stars of longer period. This behavior has not been noted previously for the Galactic RV Tauri stars. However it should be noted that stars with colors redder than V [R \ 0.6 were excluded using our selection criteria, and it is possible that this may have some e †ect on this color trend.
Two stars (MACHO*05 : 32 : 54.5[69 : 35 : 13 and MACHO*05 : 40 : 00.5[69 : 42 : 14) are unusual, and their classiÐcation is tentative. The Ðrst star has a very low amplitude light curve with slight variability in the depth of its minima, but the period is relatively stable. It appears more like a long-period, low-amplitude W Vir star than an RV Tauri star. The second star displays minima of variable amplitude, but not consistently alternating, which is more reminiscent of some irregular RV Tauri stars or some semiregular variables. As the classiÐcation of these two stars is only tentative at this stage, they were not included in the following analysis of the period-luminosity relationship.
Period-L uminosity Relationship
The MACHO database of LMC photometry allows us a direct interpretation of the luminosity and hence the P-L and P-L-C relations for these variables. We have examined the P-L and the P-L-C relations of the type II Cepheids and RV Tauri stars in the LMC using both the MACHO light curves and the V and R light curves in the standard (Kron-Cousins) system. Three stars in were Table 1 not included in this analysis. These stars were the two stars of tentative classiÐcation described above. The other star excluded from the analysis was HV 5756 (MACHO*05 : 19 : 26.9[69 : 51 : 52) , an eclipsing binary type II Cepheid et al. which appears to be bright-(Alcock 1996b) er and bluer than if it were a single star.
In we plot the Galactic P-L relation for type II Figure 8a Cepheids taken from a number of sources (see also Table 3 ). The absolute magnitudes of the LMC type II Cepheids and RV Tauri stars derived in this study are also plotted in this Ðgure, where the LMC distance modulus has been taken to be 18.50. The relations derived from Galactic type II Cepheids appear to be a reasonable representation of the P-L relation for the LMC type II Cepheids, but the extrapolations of these relations to the longer period RV Tauri stars is problematic. The RV Tauri stars appear to be more Nemec (1994) . to the combined data. The theoretical P-L relations for fundamental (bottom dashed line) and Ðrst-overtone pulsations (top dashed line) in Population II variables derived by are also indicated. McNamara (1995) luminous that the extrapolated P-L relations would suggest. The relation of is clearly anomalous, DuPuy (1973) but this is probably because it is based on observations of only three conÐrmed globular cluster RV Tauri stars.
We have derived a single period-luminosity relationship for the type II Cepheids and RV Tauri stars in the LMC,
which is valid for 0.9 \ log P \ 1.75. This P-L relation is displayed in This equation is quite similar to the Figure 8b . relation for longer period type II stars derived by Harris but there seems to be a slight systematic deviation (1985) , from the derived relation by the shortest period stars. At the suggestion of the referee, we have investigated the Ðt for stars with periods greater than log P \ 1.1. The periodluminosity relation for these stars is calculated to be steeper with a slightly decreased scatter in the Ðt :
The slope of this relation compares well with the slope of [4.17^0.48 derived by for the Galactic McNamara (1995) globular cluster stars of longer period. The P-L relation given in has a slightly lower scatter (p \ 0.35) equation (6) than for the relation in but larger than the equation (5) Figure 9 . this Ðgure are the theoretical P-L relations derived by for fundamental and Ðrst-overtone pulMcNamara (1995) sations in Population II Cepheids. Both groups of data form a continuous sequence, which seems better described by a smooth curve than a straight-line relation. Most stars appear to be concentrated along the lower fundamental sequence, with some scatter up toward the Ðrst-overtone sequence at the extreme ends of the period range. A number of stars fall close to the overtone sequence and, for the MACHO data, these stars tend to be the ones with smallest amplitudes (this e †ect can also be seen in suggesting Fig. 7b , that they may indeed be overtone pulsators.)
Another possibility, that a color e †ect is present as suggested by was investigated by including a color Figure 7c , term in the multivariate regression analysis. The main contributor to the color term is the di †ering e †ective temperatures of the stars. It also possible that there is some di †erence in the extinction toward the stars in the sample. A multivariate linear regression in log P and with (V [R) 0 V 0 as the independent variable allows us to derive a P-L-C relation for the 30 LMC type II Cepheids and RV Tauri stars,
valid for 0.9 \ log P \ 1.75. If log P is adopted as the independent variable, then the inverse P-L-C relation becomes
valid for 0.9 \ log P \ 1.75. In terms of absolute magnitudes, and adopting a distance modulus to the LMC of 18.50, the direct P-L-C relation becomes
The quantity is thus a projection
of the P-L-C relation which removes the largest part of the e †ect of di †ering e †ective temperatures and di †er-ential absorption et al. The plot of (Alcock 1995) . Figure 10 . This Ðgure indicates that the RV Tauri stars are a direct extension of the type II Cepheids to longer periods and that these Population II variables are more accurately represented by a P-L-C relation than a P-L relation (the scatter about the regression line is less than half that shown in where the color term is omitted). Figure 8 , All the candidate RV Tauri stars that we have identiÐed from the MACHO project LMC variable star database are very luminous variables. This result lends very strong support to the hypothesis that these stars are in the post-AGB stage of their evolution. The RV Tauri stars therefore appear to represent an important probe of this critical phase of late stellar evolution. The strong link between the behavior of the type II Cepheids and the RV Tauri stars is further evidence for a low-mass interpretation for the RV Tauri variables and also may suggest an evolutionary connection between these two classes of variables.
CONCLUSIONS
A study of the MACHO project LMC variable star database has provided conclusive evidence that variable stars of the RV Tauri class do exist in the LMC. These stars show light-and color-curve characteristics that are very similar to their Galactic counterparts. A total of 33 type II Cepheids and RV Tauri star candidates were identiÐed in the LMC, although two of these have only tentative classiÐcations. An additional two stars identiÐed as type II Cepheids in Paynehave too little MACHO photometry to Gaposchkin (1971) conÐrm their classiÐcation.
The discovery of RV Tauri stars in the LMC has enabled us to Ðnally derive accurate absolute luminosities for these objects. The derived absolute magnitudes of the new LMC RV Tauri variables of about [4.5 for variables with fundamental periods of about 50 days (log P \ 1.7) lends strong support to the proposal that these objects are luminous, post-AGB stars evolving to the left in the HR diagram.
A progression in behavior from the short-period type II Cepheids through to the longer period RV Tauri stars in terms of their light-and color-curve properties was noted. The variables with periods greater than about 20 days show increasingly strong RV Tauri characteristics.
A single period-luminosity-color relation is seen to describe both the type II Cepheids and the RV Tauri stars in the LMC. The continuity in behavior and properties is strong evidence for an evolutionary connection between these two classes of variables.
FUTURE WORK
There are a number of reÐnements and extensions to the above study that can be made. To discover additional RV Tauri stars in the LMC we need to relax our selection criteria on the MACHO variable star database in order to include variables with longer periods and redder colors. This relaxation of the selection criteria should also allow us to investigate whether any bias was introduced in our derived P-L-C relation. The P-L relation for type I Cepheids breaks down for the longer period (greater than 100 days) CepheidsÈit is not known whether the RV Tauri stars also show this behavior. Complications in this investigation will include the increasing complexity of the lightcurve behavior of these longer period stars and the possibility that larger amounts of circumstellar reddening may be present, a †ecting our results in the visual bandpasses. There are indications that some of the longer period RV Tauri stars do show near-infrared excesses (Welch 1987 ; Laney 1991) .
The post-AGB phase of evolution is believed to be extremely fast and long-term two-color photometry on a common photometric system, such as what has been obtained to date in the MACHO project, will be invaluable in looking for period and color changes due to evolutionary e †ects. In addition, this database will allow us to investigate the relatively recent suggestion that the RV Tauri stars show evidence of chaotic behavior & Kovacs (Buchler 1987 ; and the type II Kovacs 1988 ; Buchler 1995) RV Tauri sequence in the LMC will be an extremely useful tool in exploring the predicted trend in chaotic behavior with (or luminosity). T eff More Ðelds from the MACHO project microlensing survey should be examined to increase the current sample of type II Cepheids and RV Tauri stars in the LMC. In addition a search for type II Cepheids and RV Tauri star candidates in the SMC would be useful in investigating the e †ects of the lower metallicity on the group characteristics and properties.
